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Abstract 

A fourth generation multiple site Ziegler-Natta catalyst was used to synthesize ethylene and 

propylene homo-and copolymers in the presence of hydrogen. This type of catalysts produce 

polymers with broader molecular weight distribution (MWD), chemical composition 

distribution (CCD) and stereoregularity than other coordination polymerization catalysts 

since it has more than one active site. 

The ratio of propylene/ethylene was varied to study its effect on polymer microstructure. In 

addition, by having two different electron donors, namely diisopropyldimethoxysilane (P) 

and dicyclopentyldimethoxysilane (D), the molecular weight distribution (MWD) and 

stereospecificity of the synthesized polymers were examined. 

The polymer samples were characterized using carbon-13 nuclear magnetic resonance (13C-

NMR) and high-temperature gel permeation chromatography (GPC). Using the 13C-NMR 

data, the triad distribution for the copolymers and also the isotactic triad distribution for 

homo-polymers were calculated.  

The effects of electron donors on different feed ratios of ethylene and propylene in the 

synthesis were investigated. Co-polymer produced with D-donors showed higher 

isospecificity and also higher content of ethylene in the final polymer. In contrast, polymers 

produced using with P-donor showed lower polydispersity indices (PDI), and had higher 

contents of propylene in final polymer. In addition, the “Deconvolution method” was 

applied to GPC data in order to determine the number of sites on the Ziegler-Natta catalyst; 

which showed that 4 active site types were adequate to explain the molecular weight 

distributions.  
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1. Purpose of Study 

Polyolefines (POs) especially propylene and ethylene have a huge growing market (1)(2). 

The market growth of 30% for propylene and 18% for ethylene is reported which is mainly 

due to the low cost and appealing properties of PO (2). Therefore, improving mechanical 

properties of polypropylene and polyethylene has a universal demand which requires the 

manipulation of microstructure. This could be obtained by increasing the isotacticity of final 

structure of produced polymer in order to enhance the strength and resistance to tension.   

Considering new technologies and development for POs, Ziegler-Natta catalysts are the 

most important catalysts for their industrial production due to the desirable mechanical 

properties of produced polymers (3). Much development has been carried out to modify the 

reactivity of these catalysts. Ziegler-Natta catalyst has more than one active site; each site 

produces polymers with different molecular weight and composition. Also, it is known that 

addition of an electron donor has a great influence on the Ziegler-Natta catalyst sites and 

changes its aspecific centers into isospecific ones and therefore electron donors are used to 

increase the fraction of isotacticity in produced polymers. Furthermore different 

polymerization conditions such as the used temperature or the existence of hydrogen has 

been investigated to quantify the effect of these changes (1). 

This project aims to study the effect of external donor addition to the copolymerization and 

homopolymerization of ethylene and propylene with a 4th Generation Ziegler Natta catalyst 

at various feed ratios and with the presence of hydrogen. There have been very few 

investigations to study the effect of donor over stereospecificity for homo/copolymerization 

with multiple site-type catalysts.  
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2. Introduction 

Polyethylene microstructure 

Polyethylene has the simplest structure of all polymers and possesses various properties 

including transparency, permeability, hardness and stiffness. The polymerization methods 

can be categorized as Coordination Polymerization which includes different catalysts such 

as Ziegler-Natta, Phillips and metallocene resulting in e.g. HDPE and Free Radical 

Polymerization by initiators of O2 or H2O2 resulting in e.g. LDPE (4). Basically, polyethylene 

can be divided in the following categories: Low Density Polyethylene (LDPE), High Density 

Polyethylene (HDPE), Linear Low Density Polyethylene (LLDPE), Medium Density 

Polyethylene (MDPE), Ultra High molecular weight Polyethylene (UHMW PE), and Very 

Low Density Polyethylene (VLDPE) (5) (Table 1). 

Table 1: Commercially produced polyethylene 

Name Abbreviation Density (g/cm3) Crystallinity (%) 

High-density polyethylene HDPE ≥0.941 60-70 

Polyethylene of 

ultrahighmolecular weight, 

linearpolymer with molecular 

weight>3×108 

UHMW PE 0.935–0.930 40–50 

Medium-density polyethylene MDPE 0.926–0.940 45-55 

Linear low-density polyethylene LLDPE 0.915–0.925 35-45 

Low-density 

polyethylene,produced in high-

pressureprocesses 

LDPE 0.910–0.940  

Very low-density polyethylene VLDPE 0.915–0.880 10-20 

In radical polymerization of ethylene, high pressure and temperature is used to control the 

branching, resulting high degree of branching and high permeability properties (4).  
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Polypropylene microstructure  

Due to propylene’s structure, polypropylene can have three configurations. The methyl 

group position can be all on one side, alternating sides, and random which are called 

isotactic, syndiotactic and atactic polypropylene respectively.  An isotactic index is 

calculated to determine the amount of isotactic chains. This measures as mass fraction of 

insoluble polymer in boiling Heptane. Isotactic and syndiotactic polypropylene are both 

crystallized to some extent while atactic polypropylene is amorphous. There are four types 

of propylene which are mainly manufactured in industry (6): 

1- Engineering polypropylene which is isotactic polymer with a semi-crystalline 

structure 

2- Blends of isotactic polypropylene and amorphous ethylene/propylene called impact 

resistant propylene 

3- Semi-crystalline polypropylene with syndiotactic structure 

4- Amorphous polypropylene with atactic structure 

The recent catalyst system that is used for the polymerization of propylene consists of a 

catalyst, AlEt3 as co-catalyst, MgCl2 as support and carrier, and finally organic modifiers 

which are “external and internal donors”. The reason to introduce the donors is not because 

of their electron-donor properties, but it is because of their ability to guide polymerization 

to produce crystalline isotactic polymers (6). Table 2 demonstrates the different systems of 

catalyst which is commercially used. 

Table 2: Catalyst system used in the industrial polymerization of propylene (6)1 

Catalyst type Cocatalyst type 
Relative yield of 

crystalline polymer 

Isotactic index 

(%)a 

TiCl4/MgCl2 AlEt3 1 42 

TiCl4/MgCl2/di-i-butyl 

Phthalate 

AlEt3/ 

PhSi(Oet)3 
3.9 97 

TiCl4/MgCl2/ 

1,3-dietherb 
AlEt3 7.8 98 

TiCl4/MgCl2/ester of 

aromatic diacid 
AlEt3/alkoxysilane - 97-99 

TiCl4/MgCl2/1,3-diether AlEt3 - 97-99 

                                                            
1 a) Fraction of insoluble polymers in hexane 
b) 2,2-Di-i-butyl-1,3-dimethoxypropane 



6 
 

Coordination Polymerization 

Coordination polymerization which produces a wide range of polymers with stereoregular 

structures are based on Ziegler and Natta’s work. The coordination polymerization starts 

with initiation which can be made either with free radical initiators or coordination 

catalysts; depending on the monomer nature (7), (8). The common catalysts are Ziegler-

Natta, Metallocene and Late Transition Metal catalysts.  

Ziegler-Natta Catalyst 

Ziegler-Natta catalyst was introduced in 1956 by K. Ziegler in Germany and G. Natta in 

Italy. Ziegler’s work focused on ethylene polymerization while Natta worked on 

propylene(9). Ziegler-Natta catalyst can be classified into two types: homogeneous or 

heterogeneous, used for polyolefin elastomers and plastics respectively. Over the next 5 

decades, the modification of Ziegler-Natta catalysts resulted in the fourth generation of 

these catalysts. In the first generation, TiCl3was used as catalyst coupled with AlEt2Cl as co-

catalyst which was changed to Lewis bases in time. In the Second generation, β-TiCl3 was 

transformed into the stereo selective δ-TiCl3 in order to increase the catalyst activity in 5 

magnitudes and also decrease the reaction temperature. In the third generation, activated 

MgCl2 were introduced as support with TiCl4 as catalyst in order to ease the separation of 

catalyst from final product. Finally, in the fourth generation of catalysts, metallocene 

compounds with support of Silica gel were discovered by Kaminsky which had a single 

polymerization site(9). The transition metal catalyst system mainly consists of two basic 

elements: a transition metal and a cocatalyst (6). The polymerization reactions of Ziegler-

Natta catalyst (third generation) are shown in Figure 1(8). These classifications of Ziegler-

Natta catalyst generations could be different by other approaches and overlapped according 

to other researchers (9).  
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Figure 1: Coordination polymerization steps, catalyst and cocatalyst reaction to form an active site for the propagation 

reaction having the coordination vacancy. The transition metal, ligand, halogen atoms and alkyl groups are presented as A, L, 

X and R respectively (8). 

Titanium the center of the catalyst molecule, have a valence state, ranging from 2 to 4. It has 

been shown that the highest activity in ethylene polymerization is when titanium is at the 

valance state of two (Ti2+). In case of propylene polymerization, Ti3+(valence state of three) 

shows no activity. Interestingly, it was claimed that there is no relationship between valence 

state of titanium and the stereoregularity in polypropylene. However the valence state of 

titanium determines the reactivity ratio of the two monomers in the copolymerization(10). 

In order to activate the catalyst a cocatalyst is needed. The cocatalyst has an alkylating and 

reducing role which removes the halogen atoms from catalyst and transfers one alkyl group 

to the catalyst. The catalyst site at this time is cationic and the product of the earlier reaction 

leads to a non-coordinating anion molecule, required to stabilize the catalyst. Therefore, the 

electron-deficient site of the catalyst is ready to absorb the π-electrons in the olefin double 

bond, making the transferred alkyl group of cocatalyst one of the polymer chain ends 

(Figure 1).   
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The cocatalyst’s main role is activating the catalyst; however, it also acts as a scavenger of 

polar impurities and as a chain transfer agent. Increasing the amount of cocatalyst can 

reduce the polymerization rate since it will act as a transfer agent (Figure 3) (8). The most 

common cocatalysts are MgCl2 and Silica (6). 

Without the catalyst and co-catalyst, no reaction will occur. However there are several 

components other than principle components including supports, inert carriers and 

modifiers.  

Aside from their inactive nature, supports have a significant effect on the produced 

polymers structure and on boosting the catalyst activity. Supports are ligands (L) in 

homogenous catalyst system (Figure 1).  

Carries are mainly used for easier transportation and shaping of catalyst into the preferable 

shape, mostly spheres and do not have any effect on catalyst reactivity. The modifiers are 

primarily catalyst activators, external and internal donors (6).  

The mechanism proposed by Cossee for coordination polymerization explains the 

propagation of the chain. In this mechanism the propagation occurs through its insertion 

into the polymer chain between the carbon-metal bond, which then forms a vacancy for the 

next monomer insertion. As a result, the neighbors of the transition metal have a significant 

effect on the polymerization (Figure 2) (7). However, chain transfer reactions affect the 

produced polymer in different ways (Figure 3). 

 

The propagation has no relation with the co-catalyst (Aluminum alkyl) concentration; 

however it is related to the amount of used titanium in catalyst and the pressure of which 

the olefins are fed into the reactor (11). 
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Figure 2: Mechanism of stereospecific polymerization for the growing chain where Cl is a ligand (4) 

Hydrogen Effect 

Applying hydrogen in the propylene polymerization systems has a direct effect on 

decreasing molecular weight (MW) and lowering the viscosity, since it is a very active chain 

transfer agent (12)(Figure 3). Hydrogen reacts with hindered methyl-groups of propylene 

and activates them for the propagation reactions(8). There is a competition between 
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activation by hydrogen and insertion of irregular monomers, which affects the 

polymerization rate (12).  

Hydrogen has little effect on ethylene and no comprehensive theory to explain the effect of 

hydrogen on ethylene polymerization exists (8). 

 

Figure 3: Chain transfer steps for coordination polymerization for hydrogen and cocatalyst(8) 

In regard to steroespecifity, presence of hydrogen or its quantity does not seem to be an 

effective parameter (12). However, it does increase initiation and propagation rate. It has 

been shown that addition of hydrogen can result in a threefold increase in the initial rate of 

polymerization and a twofold increase in the productivity (13). Also, the amount of external 

donor in polymerization systems has a direct effect on hydrogen activation (14). The 

addition of hydrogen in any stage of the polymerization will multiply the activation rate and 
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a reduction of hydrogen results in instant fade of activation rate. Furthermore, it should be 

considered that activation rate is proportional to propylene concentration; therefore there is 

a limitation in the activation value(15).  

The chain transfer role of hydrogen is independent of its activating influence, since at 

different temperatures, hydrogen shows varying increase in the activity of the catalyst, but 

still reduces the molecular weight of polymers through transfer reactions. The reduction in 

molecular weight due to hydrogen has been observed for both ethylene and propylene, 

however the decline in catalyst activity has only been observed for ethylene(16).  

It has been shown that hydrogen under a certain pressure has a direct effect on 

polymerization rate(16). This pressure was             , otherwise a decline of the 

polymerization rate with time will be observed. Also, by comparing crude polymers 

produced at hydrogen pressure ranging from 2.13 to 62.58 psi, it was observed that 

hydrogen decreased the isotacticity of the polymers (16). In addition half of the hydrogen 

with pressure of less than 1.5 psi will not be consumed (13).  

Temperature Effect 

The productivity of the catalyst will increase up to 700C and then fall significantly (16), (13). 

Also, stereospecificity increases with increasing temperature (700C and above) (13).After 

800C, the catalyst becomes deactivated and activity decreases Figure 4(13).  
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Figure 4: Effect of polymerization temperature on polymer production(13) 

External Donor Effect 

The correlation between isotactic index and the ratio of Aluminum (co-catalyst)/ Lewis 

bases has been tested many times. Thus the addition of an external donor (mainly Lewis 

Bases) will lead to an increase in isotacticity index (13), (17), (18).Also, the polymer 

molecular weight is related to the type and concentration of external donor (14). The 

external donors have two functions. The first role is deactivation of non iso-specific catalyst 

sites; the second is the blockage of vacant sites on the surface of the MgCl2 (which can form 

from the reaction with TiCl4) in order to stabilize the active sites. (19).The external donors 

acts in two different ways is regard to stereospecificity, either through selective poisoning of 

aspecific active centers or changing potential aspecific sites into isospecific ones (19), (14). It 

has been shown that the use of external donors can result in the joining and forming of new 

isospecific active sites (19). 

Different types of donors react differently, for example it is shown that for a mono-ester and 

ester-free system, the catalyst interact with neighboring catalyst compared to di-ester 

system in which in no interaction is seen(20), (14). For example, using PTES (PhSi(OEt)3) 
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as an external donor is studied in polypropylene polymerization, the atactic polymer is 

replaced by isotactic polymer and MWD is shifted to higher mass range (20).   

The following equation shows the incorporation of external donor and catalyst in a 

hydrocarbon solvent. 

                                         Equation 1 

The following schematic reaction illustrates how the addition of PTES decreases the amount 

of atactic polymer. As it is shown in Figure 5, Ti catalyst could have two possible site types (I 

and II). Site-I has two vacancies while Site-II has only one, leading to atactic and isotactic 

produced polymers respectively. When external donor is being used, site-I will be blocked, 

however the present of cocatalyst could activate it again to produce atactic polymers; thus 

catalyst stereospecificity role relies on high concentration of external donor (20). 

As it has been shown, PTES can easily approach site-I of the aspecific Ti species in presence 

of TEA as the cocatalyst. On the other hand, PTES is blocked to interact with Site-II which 

will allow it to move to its neighbor Ti for higher isotacticity (20). 
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Figure 5: Suggested Mechanism for the effect of addion of external donor (PTES) and cocatalyst (TEA) on titanium species in 

Ziegler-Natta system (20) 

The interaction of catalyst with a solution of co-catalyst and external donor was studied. It 

was shown that the interaction of the catalyst with the solution of co-catalyst and external 

donor causes the external donor to be replaced with internal donors (21) and therefore, no 

external donor in free form will exist under the polymerization conditions(22). The model of 

interaction between catalyst, internal/external donor and also co-catalyst is shown in 

following equations(22).  

Cat ID + AlEt3                     Cat-[] + AlEt3ID        (1) 

Cat-[] +AlEt3 ED                 Cat ED + AlEt3          (2)  

Cat-[] +AlEt3ID                   Cat AlEt3 ED              (3) 

Equation 2 
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Where, Cat-[] is free site, ID is internal donor, ED is external donor. The first equilibrium is 

between catalyst and co-catalyst, insensitive to the presence of external donor. The second 

and third equilibrium could happen; in the case where the catalyst interacts with internal 

and external donor (22).  

Different internal and external donors can also interact differently with each other. 

Catalysts which are able to produce polymer with a higher isotacticity are the ones which 

absorb external donors to higher extents. The absorption is highly associated to the nature 

of the external donors and the catalyst. To gain better result of one particular catalyst, 

having knowledge about internal and external donors is required (21).  

A common method to quantify the sterospecifity of polyolefins is by solvent fractionation. 

For example soluble polymer in octance contains syndiotactic stereo-blocks whereas in-

soluble polymer in octane appears to have higher isotactic polymers in the chains (20). By 

solvent extraction, the fractions of propylene can be separated; as boiling heptane soluble is 

atactic part, boiling octane in-soluble is isotactic, and the rest is syndiotactic polypropylene. 

The isotacticity index can also be measured using the 13C-NMR technique.  

Copolymer of ethylene and propylene 

Copolymerization is a term which used to describe the polymerization of at least two 

different monomers. In olefin copolymerization not only the monomer nature affects the 

propagation, but also the type of the last attached monomer to the living chain determines 

the incoming monomer. So, the nature of co-monomer, hydrogen effect and ratio of 

catalyst/cocatalyst are important for copolymerization (8). The Ziegler-Natta catalyst 

activity for copolymerization of ethylene and propylene is about 10 times higher than 

ethylene homo-polymerization(10),(8). 

Equation below schematically shows the statistical copolymer which resembles some 

statistical law like Bernoullian (Zero Order Markov) or first-second order Markov. The 

copolymers which follow the Bernoullian law have a random structure (23).  
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The copolymer’s behavior can be categorized based on monomers reactivity ratio (r1r2) 

which could be same, less or more than unity. These categories are: a) Ideal 

Copolymerization (r1r2=1), b) Alternating Copolymerization (r1r2=0), c) Block 

Copolymerization (r1>1, r2>1), and d) Random-Alternating Copolymerization (0<r1r2<1)(7), 

(23). If the following monomers (M1 and M2) are considered as two units of polymerization, 

the following insertion at the end of propagating chains could happen (Figure 6), 

 

Figure 6: Propagation reactions for two monomers 

where kij is the constant rate of propagation chain ending in Mi and adding to monomer Mj. 

In ideal copolymerization, both two monomers have equal pace of propagation reactions 

which leads to the random copolymers where the copolymer composition is the same as the 

monomer feed. Alternating copolymerization with its definition states that both monomers 

are unable to undergo the homo-polymerization and copolymer composition will be consist 

of two monomer units alternate in a length of the chain, not sensitive to the composition of 

the monomer feed(23). Most copolymerization reactions classify in Random-Alternating 

copolymerization section(7). And finally, in block copolymerization, both monomers will 

form blocks of both of them along the chain (23).  
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Characterization 

Gel Permeation Chromatography 

Gel permeation chromatography (GPC) is the method to determine the molecular weight 

distribution of polymers (MWD) by using the size exclusion principle (24). The concept of 

this machine which is also called Size Exclusion Chromatography (SEC) is based on 

molecule size and its hydrodynamic radius(24), (25). 

 

Figure 7: GPC instrumentation (24) 

The hydrodynamic radius of the polymer relates to polymer molecular weight, temperature, 

concentration, solvent, and polymer type. The solvent flow is monitored by detectors which 

are sensitive to weight concentration of the polymer mass in the flow (Figure 7) (26), (27). 

Smaller polymer chains will engage in its porous particles while the larger ones flow with 

the mobile phase. The low molecular weight polymers which are consequently are smaller, 

will enter more pores and therefore they have a longer transit time than the larger ones (24). 
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Nuclear Magnetic Resonance Spectroscopy 

One of the appealing techniques for polymer characterization is nuclear magnetic resonance 

(NMR) spectroscopy (28). NMR can be used to detect copolymer microstructures. If the co-

monomer sequence is considered in three common types; Random, Block, and Alternating; 

then the change in neighbor atoms in the copolymers will result to the different 

combinations(28). The different combinations of co-monomer patterns can be categorized 

into two (diad) or three (triad) or four (tetrad), etc monomer sequences. 

Diad (XX, XY, YY) 

CH2HC CH

XX

  

CH2CH HC

YX

  CH2CH HC

YY

   

Triad: 

XXX:     CH2 CHCH2CH CH

XX

 

X

           XXY:   CH2 CHCH2CH CH

XX

 

Y

  

YXY:      CH2 CHCH2CH CH

XY

 

Y

            YYY:       CH2 CHCH2CH CH

YY

 

Y

  

YYX:      CH2 CHCH2CH CH

YY

 

X

             YXY: CH2 CHCH2CH CH

YX

 

X

  

One important feature of NMR is that area of the resonances are in proportion to the molar 

concentration of the 13C nuclei thus by deciding the precise co-monomer sequence and 

calculating the areas under the resonance; one can attain the copolymer composition (28). 
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3. Polymerization Experimental 

Materials 

The catalyst selected for this research is an industrial 4th generation TiCl4/MgCl2 

heterogeneous Ziegler-Natta catalyst activated with triethylaluminum (TEAL). 

Dicyclopentyldimethoxysilane (DCPDMS, known as D-donor) and 

diisopropyldimethoxysilane (DIPDMS, known as P-donor) are the external donors used 

during polymerization (Figure 8).  

 

Figure 8: Chemical structures of external electron donors used in this research 

Nitrogen atmosphere (99.999% from Praxair) was used and purification for nitrogen, 

hydrogen (Ultraplus-6.0 grade from Praxair), propylene (99.5 %, Matheson from Praxair) 

and ethylene (99.9%, Praxair) through columns packed with R3-11 copper catalyst, activated 

alumina, and 3Å/4Å mixed molecular sieves was performed. Triethylaluminum (2 M in 

hexane) was purchased from Aldrich and used without further purification. D-donor and P-

donor were donated by SABIC (Density 0.957 and 0.84g/cm3 respectively). Purification of 

solvents for catalyst synthesis and polymerization were carried out through passing columns 

packed with activated alumina and molecular sieves (Zeolum Type f-9, Tosoh). All purified 

solvents, ethanol (denatured, VWR) and hexane (HPLC Grade from EMD) were stored in 

Schlenk flasks with 3Å/4Å mixed molecular sieves before use.  
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Experimental Design 

Two sets of experiments were designed with varying donor type, D-donor and P-donor, and 

propylene/ethylene ratio. These experiments was performed at 700C with a constant Al/Ti = 

900 mol/mol.  

Randomly, 5 sets of experiments were also duplicated to insure the validity and 

reproducibility of the experiments. Figure 9 shows the 2 sets of experiments. 

 

 

 

 

 

Figure 9: Two factors, two levels, and one response for experimental design 

Experimental Procedures 

All polymerizations were carried out in a 300 mL stainless steel semi-batch stirred reactor 

(PARR Instrument Company). The stirrer speed was set on 650 rpm and heat transfer was 

controlled by an external electrical heater and internal cooling coil which maintained the 

temperature within ±0.3 0C of the set point during polymerization, Figure 10. 

The reactor was purified to remove impurities by three cycles of purging with nitrogen and 

heating to 1300C under vacuum before starting the polymerization. After that, the reactor 

was cooled under dry nitrogen flow. A volume of 125 mL of dry n-hexane with 

triethylaluminum (TEAL) was injected to the reactor, using double-tipped needle under 

nitrogen pressure through a septum inlet. Then, the stirrer worked for about 10 minutes. 

Ventilation of the reactor gas space was carried out through an oil bubbler. Hydrogen was 

thereafter fed to the reactor and the temperature was increased to the required 

polymerization temperature. After reaching the temperature set point, carbohydrade gases 

 
T2 = 700C 

Propylene/

Ethylene 

D-donor 

P-donor 

MWD 
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were injected. For copolymerization, ethylene was injected and its injection continued until 

saturation of the reactor was accomplished. Then propylene was injected until the 

saturation of the system was achieved. 

The catalyst suspension was fed by flowing propylene through its cylinder. The catalyst 

powder was suspended in 25 mL dry n-hexane. The polymerizations were monitored by an 

online flow meter and record though a data acquisition system. The polymerization was 

terminated after 15 minutes to reduce the mass and heat transfer resistances by turning off 

the stirrer, closing the feed lines and depressurizing the reactor. Thereafter, the catalyst was 

deactivated by 150 mL of acidified ethanol (2% HCl by volume). The polymers were washed 

in ethanol, filtrated and finally dried overnight.  

In 700C, the total pressure was 100 psi and hydrogen pressure kept 10 psi for both donors 

according to Alshaiban (3).  

 



 

Figure 10: Semi batch reactor system for copolymerization of ethylene and propylene 



Table 3: Abbreviations used in Figure 10 

Symbol Meaning Symbol Meaning 

C2 Feed Line N2 Nitrogen Line 

M Molecular Sieve O Deoxygenating Tube 

H2 Hydrogen Line C Catalyst Bomb 

F 7µm Inlet Filter MFM Mass Flow Meter 

W Cold Water Supply S Solenoid Valve 

PI Pressure Gauge TI Thermocouple 

VP Vacuum Pomp Drain Drainage Of Cooling Water 

Fume Hood Ventilation Facility PRV Pressure Release Gauge 

A/D Analog To Digital Switch D/A Digital To Analog Switch 

DAS Data Acquisition System PIC 
Proportional Integral Loop For 

Cooling 

PIH 
Proportional Integral Loop For 

Heating 
Amp Signal Amplifier 

I1 Injection port 1 I2 Injection port 2 

 

Estimation of feed concentration in Hexane 

To obtain amount of catalyst, co-catalyst and donor type, the following expression was used: 

     
       
     

 
Equation 3 

 

Where      is the initial catalyst concentration,      is the mass of the catalyst added to the 

reactor,    is the weight fraction of titanium in the catalyst added to the reactor which is 

0.017 Ti,   is the reaction volume,      is the molar mass of titanium. After calculation, the 

following condition was applied for experiments (Table 4). 

Table 4: Reference Polymerization Conditions (700C) 

mol gram 

Ti  9.8×      0.0184 

TEAl (mol, mL) 0.005872 2.9362 

D-Donor (mol, gram) 0.0000091 0.0021 

P-Donor (mol, gram) 0.0000091 0.0016 
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The feed ratio was calculated using the Matlab Script developed by Mohammad Divandari 

(private communication). The script uses a Soave-Redlich-Kwong equation of state to 

predict the vapor liquid equilibrium, Appendix B. 

Characterization 

GPC characterization 

To determine the molecular weights and PDIs a “polymer char” high temperature gel 

permeation chromatography (GPC) was used.  The samples where prepare according to the 

ASTM D3536 standard where 18 mg of polymer was dissolved in 9 mL of 1,2,4-

trichlorobenzene (TCB) in a 10 mL vial. Before placing vials in the GPC auto-sampler and 

analyzing, the vials were located in an oven at 1600C for an hour. The GPC analysis was 

completed at 1450C with flow rate of 1 mL/min of TCB. The GPC was calibrated with narrow 

molecular weight polystyrene standards and equipped with three detectors in series (infra-

red, light scattering, and differential viscometer) and a linear column (Polymer Lab 

Columns) (29).  

NMR characterization 

Samples were prepared by adding approximately 2.7g of a 50/50 mixture of 

tetrachloroethane-d2/orthodichlorobenzene containing 0.025 M Cr(AcAc)3 to 0.25g  sample 

in a Norell 1001-7 10mm NMR tube.  The samples were dissolved and homogenized by 

heating the tube and its contents to 150°C using a heating block and heat gun.  Each sample 

was visually inspected to ensure homogeneity. 

The data were collected using a “Bruker 400 MHz spectrometer” equipped with a Bruker 

Dual DUL high-temperature CryoProbe.  The data were acquired using 320 transients per 

data file, a 6 sec pulse repetition delay, 90 degree flip angles, and inverse gated decoupling 

with a sample temperature of 120°C.  All measurements were made on non-spinning 

samples in locked mode.  Samples were allowed to thermally equilibrate for 7 minutes prior 

to data acquisition.  The 13C NMR chemical shifts were internally referenced to the mmmm 

pentad at 21.90 ppm. For data analysis, copolymer data were analyzed for total ethylene 

composition (wt% E), tacticity (corrected for ethylene content), number average sequence 

lengths (le, lp) and the B-value. 
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4. Result and Discussion 

Polymers were polymerized with fixed amount of catalyst, cocatalyst and donor in presence 

of hydrogen in temperature of 700. The varied parameters considered for polymerizations 

were donor types (D-donor and P-donor) and in case of copolymerization feed ratio of 

comonomers. The produced polymers were analyzed with gel permeation chromatography 

(GPC) and nuclear magnetic resonance spectroscopy (NMR). With the data obtained by 

these methods, the deconvolution model has been applied. This model evaluates the 

minimum number of site types and weight fraction of produced copolymer on each site. 

Furthermore, the effect of donors on the microstructure of the produced homo- and 

copolymers is discussed in detail. Finally effect of feed ratio over the final structure is 

studied. 

Chemical Composition Distribution 

The isotacticity index is used to calculate the amount of isotacticity of the produced polymer 

using either solvents or 13C-NMR. The NMR technique determines the isotacticity index by 

measuring the peaks corresponding to the isotactic or syndiotactic diads (Figure 11).  

 

Figure 11: Propylene diad arrangements (m=meso, r=racemic) 

The three distinguish groups of propylene; methyl (CH3), methine (CH), and methylene 

(CH2); have different particular peaks region in 13C-NMR. Methyl, methane, and methylene 

NMR peaks are corresponded to region 19.7-22 ppm, 27.9-28.5 ppm, and 44.8-47.75 ppm, 

respectively (30). 

In order to obtain more information about the copolymerization, the sequence 

distributioncould be linked to the statistics of copolymerization with use of reaction 

probability models. One of the simplest models is Bernoullian trial process through the 
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notion that addition of monomer to the growing polymer chain is a random process, 

determined by a Bernoullian probability that is the first-order Markovian process, Pi (28). 

As it was explained before, four propagation steps for terminal copolymerization model was 

shown in Figure 6. 

And therefore, the reaction probabilities are (28): 

     
      

      

      
             

      
  

 

             
 

     
      

      

      
             

      
  

 

             
 

Equation 4 

 

where     is the Bernoullian probability of monomer j reacting to the monomer i,    

   
   
⁄  and    

   
   
⁄ . Two other equations for     and     can be written, although there 

are only two independence parameters (   and   ).  

For the second-order Markovian process, eight different parameters are specified for the 

reaction probabilities, where only four of them are independent (α, β, δ, and γ). 

α=     𝛺=      

β=      𝛻=      

γ=      𝛹=      

δ=      𝛷=      

    is defined as the probability of the addition of radial     
  to the monomer  ; also 

α+𝛺=1 and so on (28). In this reaction of/in the probability model the following are reaction 

probabilities:  
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Where    
    

    
⁄ ,    

    
    
⁄ ,    

    
    
⁄ , and     

    
    
⁄ .  

The reaction probabilities are used to determine the theoretical probabilities of diads, triad 

triads, tetrads, pentads and other general n-ads (28).  

There are several application of 13C-NMR, namely polymer identification, homo-polymer 

tacticity, copolymer sequence distribution, determination of chain branching, determination 

of defect structure, determination of molecular weight, and polymer reactions. Monomer 

distribution and number average sequence length in ethylene-propylene copolymers will be 

discuss in more detail. 

For characterization of ethylene-propylene copolymers, the nature of these two monomers 

should needs to be considered. Due to the methyl group in propylene, this monomer can 

connect to the next monomer with different approaches e.g. head-to-head or tail-to-tail. In 

this scenario, chemical shift occur dependent on the positioning of the methyl branch 

(Figure 12) (31),(28).  

 
Figure 12: Different number-average sequence lengths for ethylene/propylene structure 
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The triad distribution for the NMR spectra (Figure 13) can be calculated by the following 

equations, where in “Ij”; “I” refers to the intensity of each peak while “j” refers to the 

number of peak shown in Figure 12.  

 

        

        

        

        
 
 ⁄    

           

      ⁄           
 
 ⁄     

Equation 6 

 

 

Figure 13: Bonds and corresponding NMR peaks (31) 
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As each line is numbered in Figure 13, peaks are corresponded to each bond in Figure 12.The 

triad distribution of all copolymers synthesized using Ziegler-Natta catalyst was hence 

calculated by using the Equation 6 (Table 5).  

Table 5: Triad distribution for the synthesized ehtylen/propylen copolymers by donors, using C-NMR 

Donor 
type 

fe EEE EEP PEP EPE PPE PPP EPP PEE 

D-donor 
 

0.003 0.0003 0.0015 0.0143 0.0022 0.0136 0.9531 0.0136 0.0015 

0.009 0.0001 0.0012 0.0176 0.0017 0.0171 0.9441 0.0171 0.0012 

0.021 0.002 0.0026 0.0219 0.003 0.0214 0.9253 0.0214 0.0026 

0.03 0.0085 0.0067 0.0243 0.0082 0.0228 0.9001 0.0228 0.0067 

0.069 0.0141 0.0152 0.0682 0.0189 0.0645 0.7395 0.0645 0.0152 

0.157 0.0611 0.0313 0.069 0.0359 0.0644 0.6425 0.0644 0.0313 

0.282 0.0924 0.0139 0.0245 0.016 0.0224 0.7947 0.0224 0.0139 

0.478 0.0804 0.0169 0.0325 0.0198 0.0296 0.7742 0.0296 0.0169 

P-donor 

0.01 0.0000 0.001687 0.021063 0.002098 0.020652 0.93215 0.020652 0.001687 

0.01 0.000001 0.0006 0.0123 0.000001 0.0129 0.9606 0.0129 0.0006 

0.0115 0.000001 0.0016 0.0233 0.0027 0.0222 0.9265 0.0222 0.0016 

0.017 0.001459 0.003868 0.025199 0.004104 0.024963 0.911576 0.024963 0.003868 

0.058 0.0085 0.0071 0.0305 0.0087 0.0289 0.8803 0.0289 0.0071 

0.128 0.0771 0.0169 0.0359 0.0187 0.0341 0.7664 0.0341 0.0169 

0.163 0.0765 0.0221 0.0465 0.0252 0.0434 0.7206 0.0434 0.0221 

0.208 0.0898 0.0216 0.0458 0.0239 0.0435 0.7104 0.0435 0.0216 

0.842 0.0768 0.0222 0.0441 0.0242 0.042 0.7265 0.042 0.0222 

0.88 0.073 0.0196 0.039 0.0219 0.0368 0.7534 0.0368 0.0196 

As it has been shown in Table 5, for produced copolymers (PPP) has the highest value for 

both donors. It is interesting that other distributions of comonomer sequences have not 

changed significantly over changes of ethylene feed ratio.  

For better illustration, at high ethylene feed ratio of 0.88 (P-donor) (Table 5), it is seen that 

the value for EEE triad is approximately two folds higher than all other triads except the 

PPP triad. This is the same case for samples with ethylene feed ratio of 0.16, 0.20, and 0.84 

(P-donor). This indicates that at higher ethylene feed ratios the copolymer somewhat 

consist of polyethylene and propylene blocks with tree or more consecutive monomers and 
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this could mean that the system has tendency toward production of block copolymer 

structure. 

Deconvolution Methodology 

Due to the nature of Ziegler-Natta catalyst reaction, ionic chain growth mechanism was the 

earliest theory to be considered. But by comparing the MWD of produced polymer with 

Ziegler-Natta catalyst and ionic chain growth, Ziegler-Natta has shown broader MWD. 

Therefore; it has been generally accepted that these catalysts have more than one active site 

which are responsible for different composition and molecular weight distribution(32). 

Each site of the Ziegler-Natta catalyst follows a particular Flory distribution model and the 

MWD of a polymer produced with Ziegler-Natta catalyst can be seen as a sum of several 

Flory distributions which correspond to each active site.  

The Deconvolution technique has been used for multiple site type catalysts system. By 

giving a number (i) to each active site type and minimizing the sum of the square of the 

difference between theoretical and experimental MWD (χ2), the optimum values for wi and 

Mn,I can be calculated. This procedure continues step by step, adding new sites; until the 

graph best fit with the MWD received from GPC is achieved. Usually 4 active site types have 

reliable correctness (Table 6) (33). 

The minimum number of Flory’s distribution to describe the molecular weight distribution 

of a polymer produced by multiple site catalyst can be found by minimizing the following 

objective function (34), (35):  
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Equation 7 

 

 

where       
   is the sample MWD measured by GPC, and     is the number of sampling 

points taken by GPC. 
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Table 6: MWD Deconvolution Parameters Using 2 to 6 Different Site Types, fe=98/2, Mn= 27000, and PDI=5.1 

#sites 1 2 3 4 5 6 All 

2 

M 

Mn 

χ2 

0.5208 

98293 

 

0.4792 

22249 

 

    

1.000 

37262 

1.06 

3 

M 

Mn 

χ2 

0.3050 

142979 

 

0.4959 

41726 

 

0.199 

10970 

 

   

1.000 

31094 

0.116 

4 

M 

Mn 

χ2 

0.2080 

174943 

 

0.42597 

58949 

 

0.2902 

20783 

 

0.0757 

5569 

 

  

1.000 

27789 

0.0193 

5 

M 

Mn 

χ2 

0.1302 

213203 

 

0.3213 

84217 

 

0.35814 

33982 

 

0.15649 

12241 

 

0.0338 

3280 

 

 

1.000 

26263 

0.0029 

6 

M 

Mn 

χ2 

0.1047 

231278 

 

0.2747 

96962 

 

0.2136 

28955 

 

0.2273 

46170 

 

0.1458 

11978 

 

0.0336 

3292 

 

1.000 

26329 

0.0023 

The summary of the decline for χ2 over increasing number of site type is shown in Figure 14. 

The addition of more than 4 sites does not result in a better MWD representation.  

 

Figure 14: Influence of the number of site types on the value of χ2 
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Figure 15 shows the fit of the model with different number sites. Four site types is a 

reasonable number to be considered for the active site types.  

 

Figure 15: MWD of a ethylene/propylenecopolymer sample (98/2)  made with a heterogeneous Ziegler-Natta catalyst 
measured by GPC (red curve). Mw= 140000, PDI=5.1  

So, the MWD deconvolution analysis shows that four site types are required to describe the 

MWD of samples. Two selected deconvoluted graphs for similar feed ratio of D/P donor are 

presented (Figure 16, Figure 17).  
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Figure 16: MWD deconvolution of sample R56 (84% propylene feed ratio, P-donor), assuming 4 active site types 

 

 

Figure 17: MWD deconvolution of sample R42 (84% propylene feed ratio, D-donor), assuming 4 active site types 

Comparing these deconvolution graphs for similar feed ratio by their weight ratio of 

produced polymer on each site; it becomes clear that the third site of catalyst which 

produces the homo-polymers, presents higher percentage of polymer for catalyst joined 

with D-donor than P-donor (Table 7). 
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Table 7:4 active site types and their behavior for D-donor and P-donor (84% propylene feed ratio) 

Number of 
active site 

1 2 3 4 

D-donor 
m 0.2023 0.26394 0.427241 0.1065 

Mn 138165.1 11722.9 39325.05 
2 160 

 

P-donor 
m 0.1693 0.343825 0.405866 0.0810 

Mn 151324.3 15092.54 44549.46 3 837 

 

Effect of donor 

Two different external donors (Dicyclopentyldimethoxysilane, known as D-donor; and 

diisopropyldimethoxysilane, known as P-donor) have been used for the homo and co-

polymerization of ethylene and propylene. Comparing the homo-polymers of propylene, it 

confirms the previous theories that D-donor has a higher stereoselectivity compared to P-

donor. This is evident from the higher isotactic triad distribution (%mm) (Table 8) (36).  

Table 8: Polypropylene triad distributions 

Donor type %mm %mr %rr 

D-donor 
96.7 2.2 1.2 

94.5 3.3 2.2 

P-donor 
91.8 4.6 3.6 

93.8 3.7 2.5 

It is observed for the ethylene homo-polymerization that the produced polymer with a P-

donor has twice the methyl groups as that produced by D-donor (Table 9).This means that 

in presence of hydrogen, the chain transfer for the P-donor is higher than D-donor which 

leads to less branched ethylene in the final product for the D-donor.   

Table 9: Ethylene homopolymers 

Donor type 
Methyl 

branches/1000C 

D-donor 0.43 

P-donor 0.89 
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Due to the nature of the catalyst which is designed for the propylene polymerization, the 

homo-ethylene produced polymers with both D-donor and P-donor show significantly 

higher PDI compare to homo-propylene polymers (Table 10).  

Table 10: Different molecular weight for polypropylene and polyethylene 

Sample  Mn Mw PDI 

Polypropylene 
20,800 139,100 6.7 

17,200 152,500 8.9 

Polyethylene 
28,700 439,500 15.3 

13,900 226,000 16.2 

For the polymers Mn (Number Molecular Average Weight), the D-donor shows higher 

values than P-donor (Figure 18), similar to what has been found previously (36). The higher 

molecular weight achieved when using D-donor shows that there are less transfer reactions 

in the system compare to P-donor. This is also consistent with the remark made earlier that 

D-donor produces polymers with higher isotacticity than P-donor for homopolymers. 

 

Figure 18: Ethylene feed ratio to Weight average MW 
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Based on the different polypropylene triad tacticity obtained from 13C-NMR, it was shown that 

donor behaviors are very similar although the produced copolymers from the D-donor have a 

slightly higher isotactic component than P-donor. This is in line with earlier research that D-

donor has higher activity and stereoselectivity compared to P-donor(Table 11)(3).  

Table 11: Propylene-Ethylene Copolymers – Tacticity 

Donor 
Type 

%mm± est 
presicion 

%rr± est 
presicion 

Propylene/Ethylene feed 
ratio (%) 

Molecular Avg. 
weight 

Feed 
ratio 

D-donor 

93.7 ± 0.81 2.91 ± 0.4 98/2 137384 98/2 

97.3 ± 0.89 1.14 ± 0.7 98/2 101391 98/2 

92.0 ± 1.17 3.98 ± 1.0 99.2/0.8 91046 92.2/0.8 

96.3 ± 1.09 1.51 ± 0.7 99.1/0.9 141795 99.1/0.9 

96.3 ± 1.01 1.31 ± 0.8 98/2 139518 98/2 

P-donor 

94.7 ± 0.68 2.36 ± 0.6 99/1 106896 99/1 

94.4 ± 1.23 2.44 ± 1.0 98.9/1.1 78795 98.9/1.1 

97.2 ± 1.35 1.10 ± 0.9 94/6 103939 94/6 

85.6 ± 1.06 7.11 ± 0.9 98.3/0.7 69344 98.3/1.7 

 

Figure 19: Molecular weight distribution for D-donor and P-donor (T=700 C) 
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It has been observed that P-donor has a consistency of PDI in the range of [5.5-7.8] (Table 

12, Appendix A). Two sets of polymers with same feed ratio it is drawn in Error! Reference 

source not found.. Broader molecular weight distribution (PDI) and lower molecular weight 

(Mw) for D-donor is observed. 

Effect of feed ratio 

It has been observed that in low ethylene feed ratio (<20%), copolymer produced with D-

donor have higher ethylene percentage in final structure than P-donor, which shows that P-

donor has a better interaction with propylene than ethylene. However in feed ratios over 

20%, copolymer produced with P-donor does not have a significant difference in terms of 

ethylene percentage in final structure than D-donor (Table 12, Appendix A). This could be 

due to low number of experiments and could be studied further more (Figure 20).  

 

Figure 20: Ethylene molar feed ratio to ethylene in polymer 

The effect altering the feed ratio of ethylene (fe) has on the PPP traid distribution is shown 

in Figure 21. In case of both donors, a slight decline in the PPP is observed as the ethylene 

feed ration is increased. This is simply because of less propylene in the feed ratio. This small 

difference between PPP triad distribution over the increasing of ethylene feed ratio could 
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show the insensitivity of catalyst to the ethylene presence since it is designed for the 

propylene polymerization. 

 

Figure 21: PPP triad distribution for D-donor and P-donor 

The commercial catalyst used in this project was designed for propylene polymerization and 

showed very low activity for the ethylene homo-polymerization (both for D-donor and P-

donor). Interestingly, copolymerizing of ethylene and propylene with P-donor increased the 

tendency of the system towards propylene incorporation.  This confirms earlier hypothesis 

(20) that the nature of the donor and its relationship to the catalyst and co-catalyst can have 

effects on copolymerization and reactivity ratio. 

The graph of feed ratio (fe) to the molar fraction of produced polymer (Fe) has been drawn 

(Figure 22). For both of the donors, a sharp increase for ethylene incorporation in final 

product has been observed up until feed ratio of 0.2. Over this feed ratio, very few data 

points have been conducted. Although from the data at hand, it is clear that further increase 

in ethylene ratio does not result in the same sharp increase, and therefore decline in 

ethylene incorporation has been observed. This is in agreement with the earlier statement 

that the catalyst is commercially designed for the polymerization of propylene. 
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Figure 22: Ethylene feed ratio to molar fraction of Ethylene in polymer, D-donor and P-donor 
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5. Conclusion 

Homo- and copolymers of ethylene and propylene were produced at 700C with varying feed 

ratios and donor types (P and D). The amount of used catalyst, cocatalyst and donors were 

kept fixed while the type of donors and feed ratio varied. The polymers were characterized 

with GPC and 13C-NMR, in order to observe the effect of donor on the polymer molecular 

weight, microstructure, and isotacticity.  

The homopolymers produced with D-donor showed a higher isotactic triad distribution 

compared to that of the P-donor, which indicates higher stereoregularity of D-donor to P-

donor. Also, due to catalyst being design for the propylene polymerization, low PDI is seen 

for ethylene homo-polymerization for both donors. 

For the copolymers, in order to calculate the triad distribution, the results obtained by 13C-

NMR were used. The NMR data showed that by increasing the ethylene feed ratio, the 

distribution of PPP triad declines and also the percentage of ethylene in the polymer 

increases. Also GPC data were deconvoluted to determine the minimum number of site 

types of the catalyst. By minimizing the objective function (χ2), it has been observed that 

four site types are sufficient for describing molecular weight distribution.  

We can conclude that D-donor results in higher incorporation of ethylene and increases the 

isotacticity while the P-donor promotes a lower PDI and higher propylene content in final 

composition.  
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6. Recommendation for future work 

Based on the work which was performed, there are a few issues that could be modified or 

repeated in order to gain more perspective and accuracy of data and trends. The following 

are selected ones. 

1- Modifying reactor size 

Due to high activity of catalyst, the amount of produced polymer is high which will fill the 

reactor. This problem could lead to loss of control over the temperature which will 

consequently result in a reduction of the polymerization time which in the end could be 

misleading for the industrial point of view. 

2- Modifying temperature control 

More efficient heating and cooling system is required to keep the temperature accurately 

within ±0.50C, in order to perform the reaction at wider range of feed ratios.  

3- Modifying the feed ratio control 

Although the present feeding system for the monomer seems precise, a closer look the 

feeding line and catalyst injection line can minimize the possible errors of having impurities 

or miscompute amount which will subsequently make a difference between calculated 

amount in theory and absolute amount in practice. 

4- Considering other characterization tests for accuracy of data 

Carrying out the “Crystallization Elution Fraction (CEF)” on samples can bring new 

information concerning chemical chain distribution (CCD) of semicrystalline polymers.  

5- Considering other parameters which has an effect on reaction 

Performing experience in other temperatures like 60 or 800C and various hydrogen 

concentrations can increase truthfulness of the trends and data.  
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Appendix A 

Table 12: Propylene-Ethylene Copolymers – Ethylene content, B-value2 , and number average sequence lengths3 

Donor 

Type 

wt% Ethylene ± est 

precision 

B-value±est 

precision 
Le lp 

Propylene/Ethylene 

feed ratio (%) 

D-donor 

0.84±0.12 0.99±0.071 1.03 80.98 98/2 

24.27±0.32 0.72±0.015 2.05 4.27 89/11 

30.93±0.50 0.68±0.013 2.44 3.64 70/30 

1.95±0.23 0.87±0.070 1.19 39.78 98/2 

2.81±0.33 0.90 ±0.051 1.15 26.65 92.2/0.8 

13.73±0.42 0.64±0.020 1.92 8.05 84/16 

7.80±0.43 0.83±0.046 1.35 10.64 93/7 

1.35±0.18 0.96±0.081 1.07 52.17 99.1/0.9 

1.18±0.21 0.91±0.094 1.11 62.30 98/2 

P-donor 

 

1.64±0.14 0.95±0.053 1.07 42.88 99/1 

1.78±0.22 0.97±0.071 1.06 39.09 98.9/1.1 

16.50±0.35 0.50±0.018 2.59 8.73 75/25 

12.67±0.55 0.46±0.027 2.65 12.19 79/21 

79.04±1.11 0.79±0.050 8.45 1.49 65/35 

11.81±0.42 0.49±0.019 2.44 12.13 84/16 

68.61±0.93 0.84±0.030 5.08 1.55 88/12 

38.28±0.75 0.58±0.016 3.33 3.58 85/15 

3.61±0.39 0.75±0.077 1.41 25.17 94/6 

12.48±0.32 0.67±0.014 1.81 8.47 87/13 

2.32±0.24 0.88±0.072 1.18 33.22 98.3/1.7 

                                                            
2The Koenig B value or chi statistic is one measure of randomness or blockiness in an AB copolymer.  A value of 1.0 
indicates a random copolymer and a value of zero indicates complete blocks of monomers A and B.  A B-value of 2 
indicates an alternating copolymer.  B=[EP]/(2[P][E]), where [EP] is the total mole fraction of EP dimers (EP+PE, or 
(EEP+PPE+PEP+EPE)), and [E] is the mole fraction ethylene, and [P] = 1-[E] (41). 
3 la (number average sequence length of A) = ([BAB]+[AAB]+[BAA]+[AAA]) / ({0.5*([AAB]+[BAA])}+[BAB]) 
lb (number average sequence length of B) = ([ABA]+[BBA]+[ABB]+[BBB]) / ({0.5*([BBA]+[ABB])}+[ABA]) (41) 
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Table 13: Analyzing molecular weight for each sample 

Donor type Feed ratio (%) Number Avg MW Weight Avg MW Polydispersity Ratio 

D-donor 

98/2 13100 137400 10.51 

89/11 20900 125300 5.9 

70/30 18300 134400 7.4 

98/2 13200 101400 7.7 

99.2/0.8 10900 91000 8.4 

84/16 12400 103800 8.3 

93/7 21500 146000 6.8 

99.1/0.9 18100 141800 7.9 

97/3 11000 93000 8.5 

72/28 11700 100400 8.6 

52/48 13500 120000 8.9 

98/2 27000 139500 5.2 

P-donor 

99/1 13600 106900 7.9 

98.9/1.1 10300 78800 7.7 

75/25 19100 99300 5.2 

79/21 18800 103200 5.5 

65/35 17800 12700 7.1 

87/13 14400 100000 6.9 

84/16 18800 104300 5.5 

88/12 16800 101900 6.1 

85/15 10100 56300 5.6 

94/6 17300 103900 6.0 

16/84 11700 90800 7.8 

87/13 14400 87700 6.1 

98.3/0.7 9300 69300 7.4 

Table 14: Deconvolution data for ethylene/propylene copolymer, assuming 4 active site types, weight ratio for each site 

Donor type Feed ratio (%) w1 w2 w3 w4 

D-Don0r 

98/2 0.2080 0.290251 0.425978 0.0758 

99.1/0.9 0.2215 0.257531 0.437442 0.0836 

98/2 0.2169 0.223626 0.458358 0.1011 

97/3 0.2358 0.223579 0.472999 0.0676 

93/7 0.2048 0.283264 0.440772 0.0712 

84/16 0.2023 0.26394 0.427241 0.1065 

72/28 0.2487 0.198655 0.467795 0.0849 

52/48 0.2457 0.223332 0.457105 0.0739 
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P-Don0r 

99/1 0.1869 0.421293 0.292549 0.0993 

99/1 0.2301 0.459676 0.24299 0.0672 

98.9/1.1 0.1793 0.428114 0.291027 0.1015 

98.3/1.7 0.1515 0.402387 0.318108 0.1280 

94/6 0.1802 0.429411 0.322947 0.0674 

87/13 0.2099 0.448 0.277408 0.0647 

84/16 0.1693 0.405866 0.343825 0.0810 

79/21 0.1813 0.422132 0.327977 0.0686 

16/84 0.2114 0.462521 0.250601 0.0755 

12/88 0.2258 0.464782 0.244045 0.0653 

 

Table 15: Propylene-Ethylene Copolymers – Tacticity (Grayed cells are considered unreliable values and should be 
disregarded)4 

Donor 
type 

Feed ratio (%) 
%mm ± 

est 
precision 

%mr ± 
est 

precision 
%rr ± 

est 
precision 

D-donor 

98/2 93.7 ± 0.81 3.43 ± 0.7 2.91 ± 0.4 

89/11 97.0 ± 1.82 0.18 ± 2.1 2.86 ± 1.5 

70/30 96.3 ± 2.28 -0.56 ± 2.7 4.28 ± 2.1 

98/2 97.3 ± 0.89 1.56 ± 0.9 1.14 ± 0.7 

92.2/0.8 92.0 ± 1.17 4.02 ± 1.1 3.98 ± 1.0 

84/16 94.0 ± 1.93 2.31 ± 2.3 3.65 ± 1.5 

93/7 96.6 ± 2.10 1.75 ± 2.2 1.68 ± 1.3 

99.1/0.9 96.3 ± 1.09 2.15 ± 1.1 1.51 ± 0.7 

98/2 96.3 ± 1.01 2.36 ± 0.9 1.31 ± 0.8 

P-donor 

99/1 94.7 ± 0.68 2.97 ± 0.7 2.36 ± 0.6 

98.9/1.1 94.4 ± 1.23 3.14 ± 1.3 2.44 ± 1.0 

75/25 96.7 ± 1.06 1.52 ± 1.4 1.82 ± 1.1 

79/21 97.1 ± 1.81 1.48 ± 1.7 1.41 ± 1.2 

65/35 109.6 ± 76.27 -64.48 ± 99.3 54.89 ± 82.9 

84/16 96.8 ± 1.70 1.73 ± 1.8 1.48 ± 1.1 

88/12 95.6 ± 24.12 -26.16 ± 31.7 30.54 ± 32.2 

85/15 90.9 ± 3.93 -0.78 ± 5.6 9.90 ± 4.2 

94/6 97.2 ± 1.35 1.74 ± 1.4 1.10 ± 0.9 

87/13 97.1 ± 1.35 1.13 ± 1.4 1.79 ± 0.9 

98.3/1.7 85.6 ± 1.06 7.33 ± 1.2 7.11 ± 0.9 

 

                                                            
4Tacticity measurements for polymers with more than a few wt% ethylene are considered unreliable (grey 
columns), particularly for %mr and %rr, because of the relatively large correction factor which introduces 
significant error. 
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Appendix B 

To measure the feed concentration, flow meter will be recorded the flow rate. The total mass 

fed to the reactor is the area under the flow over time curve. 

The feed concentration in hexane is given by the following equation: 

                  
        

       
 

Where         is the mass of feed dissolved in hexane, calculated in next equation: 

                    

By integrating the mass flow rate of feed to the reactor, the total mass will be calculated.  

        ∫     
 

 

 

Feed ratio calculation for Homo-polymerization: 

Where    is the mass flow rate of feed and   is the time. By separating the injection time of 

propylene and ethylene, simply the feed ration will be calculated.  

To calculate the      , constant liquid volume and ideal gas law will be assumed, 
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where     is the mass of feed in the reactor gas phase,   is the reactor pressure,    could be 

hexane vapor pressure and ethylene in copolymerization reactions,        is the reactor 

liquid phase volume,   is the gas constant and   is the reactor temperature. 

To calculate hexane vapor pressure (       ), the properties of gases and liquid were used 

using equation below with                                               

     K,         bar (37). 

  (
       
  

)  (
 

  
)   (  

 

  
)   (  
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  (  
 

  
)
 

  (  
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By plotting feed pressure (psi) and feed concentration (mol/L) over temperature (700C), the 

values of the experimental propylene will be used in the estimation of the polymerization 

parameters.  

Feed ratio calculation for Co-polymerization 

Soave, Redlich, Kwong equation of state used for the calculation of the feed ratios: 

Therefore, the pressure will be calculated: 

  
  

   
 

     

      
 

It can also be written as following equation: 

                       
  

  
 

While: 

          
   
  

 
                 

             
    

 

  
 

                

 

                          

The mixing rules are: 
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  ∑∑       
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And parameters are: 

  
  

    
   

  

  
   

  

  
 

So, the mixture fugacity will be (38): 
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